1. Modification of floodplain morphology and land use is widely recognized as a major threat to fish communities of river-floodplain systems. We assess habitat associations of major exploited fish species in the Lower Amazon, where modifications are more extensive than in the Central or Upper Amazon. 2. Habitat was characterized in terms of physical environment, vegetation cover, distance from river and mean depth. Habitat associations of late juvenile and adult fish of the 14 major exploited species were established by comparing the distribution of the habitat sampled with the distribution of the habitat sampled weighed by a fish abundance index (catch per unit of effort). 3. Eight species showed significant habitat associations, generally being most abundant in floodplain lakes. Five of these eight species were associated with open water. Of the three exceptions, two preferred flooded forest lakes and another macrophyte-dominated channels. The majority of those species with significant associations also preferred waters shallower than 7.25 m and relatively distant from the river mainstream. 4. While flooded forest is often assumed to be a key habitat for Amazon fish, only two of the main exploited species in the Lower Amazon had a significant association with this habitat. The majority of exploited species, including one that is associated with flooded forest in the central and upper Amazon, either showed no habitat associations or preferred open water lakes. The full range of pristine and modified floodplain habitats should be considered as important to fish conservation and fisheries productivity.
Introduction
The Amazon, the world's largest river basin, supports a very high level of fish biodiversity and productivity. This forms the basis of diverse, subsistence and commercial fisheries that supply the bulk of animal protein and a significant share of income to the riparian population (Almeida, Lorenzen & McGrath, 2003) . Fish assemblages and the fisheries they support are increasingly impacted by habitat modifications and fisheries exploitation. Habitat modifications are most extensive in the western and southern headwater regions of the basin and in the floodplains of the Lower Amazon, while the central basin remains largely pristine (Cardille, Foley & Heil Costa, 2002; Junk, Soares & Bayley, 2007) . Geomorphology and vegetation cover of the Lower Amazon floodplain have been modified significantly over the recent past, and this trend is likely to intensify in the course of further economic development (Zarin et al., 2001; Raffles & Winklerprins, 2003) . Amazon fisheries on the whole are believed to be only moderately exploited, even though some of the largest species are probably overexploited (Neves, 1995; Isaac & Ruffino, 1996; Isaac, Ruffino & McGrath, 1998) . Habitat modification as a result of land use and hydrological change is likely to pose the greatest long-term threat to Amazon fish and fisheries (Saint-Paul et al., 2000) . It is therefore important to understand and quantify the habitat preferences of Amazon fish in order to identify and protect key habitat.
The Lower Amazon river-floodplain system (várzea) offers a diversity of fish habitats. The geomorphological environments can be divided into five types: the main river (rio) itself, shallow lakes (lagos) bordered by natural levees (restingas), riverside channels (paranás) which connect the main river with other várzea systems, and deep forest channels (igarapés) (Smith, 1981; McGrath et al., 1993) . These environments may be covered by open water, or by various types of vegetation that can be broadly grouped into herbaceous macrophytes and flooded forest. Vegetation provides shelter for fish and their prey, and many fish species also consume detritus, seeds or fruit. Hence, vegetation cover is an important habitat variable and one that is particularly sensitive to land use change in the floodplain. The Amazon floodplain is characterized by a single annual flood with an amplitude of 4-6 m, driving great seasonal variation in the flooded area and associated biological production. During the flooded season or Inverno (DecemberJuly), all floodplain habitats become aquatic and connected while, during the dry season or Verão (August-November), only the main river and the deeper floodplain lakes are aquatic and many lakes become isolated. It is during the flooded season, therefore, that the greatest diversity of habitats is accessible to fish. The flooded season also is the main feeding ⁄ growth and spawning period for most floodplain species and thus plays a key role in fish production (Junk, Bayley & Sparks, 1989) .
Geomorphology and vegetation cover of the Lower Amazon floodplain have been modified through river corridor engineering and land use change, as well as various interactions between them. River corridor engineering is practised at different scales and aims principally at improving navigation and expanding agricultural land (Raffles & Winklerprins, 2003) . Land use change has involved removal of old-growth floodplain forest and conversion of land for cattle ranching and agriculture, but also re-growth of forest on abandoned farmland (Zarin et al., 2001) . There are multiple interactions between geomorphological and land use change, such as deforestation in areas that become more accessible to navigation, or rapid erosion of deforested levees. Hence, floodplain habitats undergo many changes in their extent and characteristics which are poorly understood and quantified.
Associations between habitat and fish assemblages in tropical and sub-tropical river-floodplain systems have been investigated at various levels. Indices of Biotic Integrity (IBIs) have been developed that relate structural attributes of fish assemblages to broad-scale conditions of the riverine landscape, effectively integrating the attributes of local aquatic and riparian habitats. IBI studies of tropical and sub-tropical rivers reveal a significant impact of catchment land use, in particular vegetation cover, on structural attributes of fish assemblages (Kamdem Toham & Teugels, 1999; Pinto, Araujo & Hughes, 2006) . On smaller scales, fish species or assemblages are often associated with particular habitats or habitat attributes (Chapman & Chapman, 1993; Kamdem Toham & Teugels, 1997; Tejerina-Garro, Fortin & Rodrígues, 1998; Pouilly & Rodríguez, 2004) .
In the Amazon basin, fish-habitat associations have been investigated mostly in relatively pristine riverine landscapes. Studies covering the full river-floodplain habitat continuum show influences of physical variables, vegetation cover, and habitat complexity on fish species assemblages (Saint-Paul et al., 2000; Petry, Bayley & Markle, 2003) . Detritivores are typically found in the interior floodplain and predators closer to the river, while omnivores show no preference in this regard (Petry et al., 2003) . Many species show associations with either herbaceous (rooted or floating) vegetation or with flooded forest. In the Central Amazon, many species are strongly associated with flooded forest and overall fish biomass has been estimated to be substantially higher in the flooded forest than in open water (Goulding, 1980; Saint-Paul et al., 2000) . This has contributed to a focus on deforestation as a major threat to aquatic resources in the Amazon. However, the floodplains of the Lower Amazon, where deforestation is fairly advanced, continue to support productive fisheries. A basin-wide bio-economic study found no evidence to suggest that the availability of fisheries resources was reduced in the lower basin as compared with the central and upper regions (Almeida et al., 2003) . No studies on fish-habitat associations in the Lower Amazon have been reported.
Despite of the studies discussed above, fish-habitat associations remain poorly quantified in tropical riverfloodplain systems where research surveys have been very limited. One opportunity to gain further quantitative information on habitat preferences is the analysis of spatially related fisheries monitoring data as have been collected in many fisheries development and conservation projects. Here we analyse such a data set from the Lower Amazon fisheries. Fisheries-dependent data are available for many species, provide extensive spatial sampling and have been shown to yield distribution patterns similar to those of research surveys (Fox & Starr, 1996) . However, sampling is influenced by fishing practices and the data may violate other assumptions of parametric statistics, such as normality and independence (National Research Council, 1998) . These issues can be accounted for by using a method for identifying habitat associations from fisheries-dependent data, which uses a non-parametric test to compare cumulative distributions of habitat sampled and habitat sampled weighted by an index of abundance (Perry & Smith, 1994) .
Here, we provide a first quantitative assessment of habitat associations of the main exploited fish species in the human-influenced riverine landscape of the Lower Amazon. The method mentioned above was applied to a fisheries-dependent data set, collected during 5 years of monitoring an artisanal (small-scale) fishery. We identify relations between the abundance of 14 species of fish and four environmental variables: geomorphological and covering environment, distance from the river and water mean depth. Management and conservation implications are discussed.
Methods

Study area
This study focuses on the regions of Tapará and Ituqui situated in the floodplain, or várzea of the Lower Amazon river (Fig. 1 ). Tapará and Ituqui show geomorphology and vegetation cover typical of the Lower Amazon floodplain. In the study area, the Amazon river begins to rise in December reaching its maximum height in May or June, then falls and reaches its minimum in October or November. Precipitation is approximately 2000 mm year )1 , and the average monthly air temperature 25-28°C.
Habitat characterization
Aquatic habitats in the study area were delineated according to the topography recognized and used by local fishers when describing fishing locations. All identified habitats were surveyed in July 2006, and characterized in terms of physical environment and vegetation cover. Physical environment was classified as: (i) 
Fisheries data
Detailed data on catches and fishing effort were collected from 2000 to 2005 in the communities of Aracampina, Santana and São José in Ituqui, and Pixuna, Santa Maria and Tapará-Miri in Tapará (Fig. 1 ). Data were recorded on a fishing trip basis and included the gear used, time spent fishing, fishing location and its vegetation cover, and catch in weight by species. Interviews were held in the last week of each month and covered 14 fishermen per community, resulting in a total of 13 904 fishing trip records. Because our study focused on the use of floodplain habitats, we analysed only the data for the flood season (March-July, 4413 records). Fishing during the flood season was carried out primarily by gill nets, and only gill net catches were analysed for habitat associations to avoid problems of standardizing catch per unit of effort (CPUE) across gear types.
Analysis of habitat associations
We used an adaptation of the method proposed by Perry & Smith (1994) and Reynolds (2003) for characterizing habitat associations based on commercial fisheries data. The method accounts for the fact that fishing is often targeted and does not sample habitat representatively. Following Perry & Smith (1994) , cumulative density functions of sampled habitat and sampled habitat weighed by an index of abundance were compared using a Kolmogorov-Smirnov test, under the null hypothesis of fish being randomly distributed among habitats. An empirical cumulative distribution function (cdf) was created for each habitat variable to express the range of conditions sampled by fishers. The probability of each sample within a fishing site is 1 ⁄ n h , where n is the total number of times fishers go fishing in sample site h (Chambers & Dunstan, 1986) , and the cdf for the habitat sampled is
where I(x hi , t) is an indicator function with the values
The variable t is a sequence of values ranging from the lowest to the highest of the continuous habitat variables (distance from river and water mean 
where L is the number of sample sites in the study area. Finally, the degree to which the cdfs f(t) and g(t) (Eqns 1 and 3) differed was assessed by calculating the maximum absolute difference between them. This approach is similar to that used for comparing empirical cdfs in Kolmogorov-Smirnov non-parametric tests (Perry & Smith, 1994) . D gives the maximum absolute difference between f(t) and g(t): Typically, looking at the standard tables for the Kolmogorov-Smirnov test would assess the significance of D. However, because sampling among sites was unequal, a randomization procedure was applied to evaluate the significance of the test statistic. Monte Carlo simulation was used to model the distribution of D under the null hypothesis of random association between fish abundance and the habitat variable. In order to do this, 1000 random pairings of (W h ⁄ n h )[(y hi ) y st ) ⁄ y st ] and x hi were generated for all fishing trips and sample sites and D recalculated for each realization to generate a pseudo population of D¢. Percentiles (95% and 90%) of the pseudo-population of D¢ provide critical values. If D was greater than the critical values of D¢, the null hypothesis was rejected; thus, fish abundance was associated with habitat. A permutation-invariant test statistic was used for the categorical variables (Pettitt & Stephens 1977) .
To identify the level of a categorical variable with which fish abundance was most strongly associated, the differences between the frequencies associated with each category was calculated:
The highest J(t a ) corresponds to the category with which fish were most strongly associated. All calculations and statistical test were conducted in Excel, Visual Basic and R 2.3.1.
Results
Habitat availability and distribution
Physical environment and vegetation cover, distance from river and mean depth were the explanatory variables used in the analysis of fish habitat associations. The physical environment was dominated by the riverine habitat, followed by lakes and with only a small proportion of other types. Vegetation cover was dominated by open water of river and floodplain, with macrophyte and forest cover accounting for just under 5% each (Table 1) . Of the continuous habitat variables, distance from river was dominated by the river itself, but distances of up to about 9 km were well represented (Fig. 2) . The distribution of depth was essentially bi-modal, with floodplain habitats ranging from 4 to 8 m and the river exceeding 16 m depth (Fig. 3) .
Fishery catches
A total of 38 fish species were recorded over the study period, but 14 species from nine families accounted for 96.6% of the catches (Table 2) . Catches of these 14 species were analysed for habitat associations.
Habitat associations
The distribution of eight species (Astronotus crassipinnis, Cichla spp., C. macropomum, Hypophthalmus spp., Pimelodina flavipinnis, Pterygoplichthys pardalis, Semaprochilodus taeniurus and Serrasalmus spp.) was Table 2 Taxonomic and life history information on the main fish species caught in the study area and included in the habitat association study Order Habitat associations of Amazon fish species 2461 significantly related to one or more habitat variables (Table 3) . Seven of the species were associated with lakes, while the jaraqui S. taeniurus was associated with channels. Five of the species were associated with open waters, while tucunaré Cichla spp. and piranha serrasalmus spp. were associated with flooded forest and jaraqui S. taeniurus with macrophytes. Consistent with their preference for floodplain rather Maximum difference D between the cumulative density functions g(t) and f(t). Significance of D: **P < 0.05; *P < 0.1. The corresponding critical values of D¢ are also shown. Maximum difference D between the cumulative density functions g(t) and f(t). Significance of D: **P < 0.05; *P < 0.1. The corresponding critical values of D¢ are also shown.
than river habitat, six of the eight species with significant physical habitat associations also preferred habitats at a distance of over 1 km from the river (Table 4 ; Fig. 2 ). Two of these species, the catfishes mapará Hypophthalmus spp. and fura-calça P. flavipinnis, were associated with floodplain habitat far from the river mainstream. All species preferred habitat of <8 m depth, most of <6.5 m (Table 4 ; Fig. 3 ). Six species (Leporinus trifasciatus, Pellona castelnaeana, Prochilodus nigricans, Piaractus brachypomus, Mylossoma spp. and Plagioscion spp.) showed no significant associations with any habitat variable.
Discussion
Our study is the first to quantify habitat associations of tropical freshwater fish from artisanal fisheries monitoring data, using a rigorous and robust statistical methodology. It demonstrates that artisanal fisheries monitoring data can be used to derive information on basic ecological requirements of exploited freshwater species, and thus fills an important gap in our understanding of tropical freshwater systems. Naturally, this approach provides information on exploited species only, and on the exploited stages of their life cycle. Other species that are present but not exploited may have different habitat associations and the same may be the case for juvenile stages of the exploited species. Hence, the associations established here need not be representative of the fish assemblage as a whole. The analysis is based on the use of fisheries CPUE as a measure of relative abundance, and it implicitly assumes that the catching efficiency (catchability) of fishing gear does not differ systematically between habitat types. This assumption has not been tested explicitly, but it underlies all catch-based assessments of habitat use and community composition including those informed by research netting surveys (e.g. Saint-Paul et al., 2000; Layman & Winemiller, 2005) . Gill nets have been used extensively in all available habitats, i.e. no habitat type has remained un-sampled by the fishery. Eight out of 14 species showed significant habitat associations. Five of these were associated with open water lakes in the Lower Amazon: A. crassipinnis, C. macropomum, Hypophthalmus spp., P. flavipinnis, and P. pardalis. It is noteworthy that Hypophthalmus spp. is typically associated with flooded forest in the Central Amazon (Saint-Paul et al., 2000) . This may indicate a degree of plasticity in habitat associations, i.e. the species may occur in flooded forest where that habitat type is dominant in the floodplain, but associates with open water habitats where forest is scarce. Only three species included in our study were strongly associated with vegetation: Cichla spp. and Serrasalmus spp. (with flooded forest) and S. taeniurus (with macrophytedominated channels). There was no consistent relationship between trophic guild and habitat association.
Our results suggest that the full range of floodplain habitats is important in maintaining exploited fish populations and fisheries production in the Lower Amazon. The most abundant habitat type, open water lakes, is also particularly important to the majority of exploited species. While it is possible that juvenile stages of the same species are more strongly associated with vegetation, it nonetheless is apparent that open water floodplain lakes play a key role as wet season habitat of exploited stages and thus, the production of biomass supporting fisheries. Efforts at conserving aquatic habitats in the Lower Amazon, therefore, should embrace the full range of habitats and their connectivity, rather than focusing on flooded forests (see also Ward, Tockner & Schiemer, 1999) .
